To present the authors' 30-year experience with traumatic aortic rupture (TAR).
Summary Background Data
TAR is a highly lethal injury. Most institutions manage a small number of cases, and most surgeons receive only modest exposure during training.
Methods
Between 1971 and 2001, the authors operated on 219 patients with a diagnosis of TAR. Diagnosis of TAR since 1994 has been based exclusively on the use of contrast-enhanced spiral computed tomography, with angiography reserved for equivocal cases (periaortic mediastinal hematoma without aortic wall abnormalities). Patients were divided according to surgical technique. Eighty-two patients (group A) were operated on with a clamp-and-sew technique. Sixty-four patients (group B) underwent surgery with the use of a passive shunt, and 73 patients (group C) were treated using heparin-less partial cardiopulmonary bypass.
Results
Mortality was 18 patients for group A (21.9%), 23 patients for group B (35.9%), and 13 patients for group C (17.8%) (P ϭ .03). Paraplegia occurred in 15 of 64 survivors in group A (23.4%), 7 of 41 survivors in group B (17%), and 0 of 60 survivors in group C (P ϭ .0005). Aortic occlusion without lower body perfusion for longer than 30 minutes (P ϭ .004) and surgical technique without lower body bypass support (P ϭ .0005) were associated with paraplegia.
Conclusions
Surgery for TAR based on spiral computed tomography screening and diagnosis is reliable. The use of heparin-less distal cardiopulmonary bypass in the authors' hands is safe and is associated with a reduced incidence of paraplegia.
Traumatic aortic rupture (TAR) is a serious sequela of blunt chest trauma, and its diagnosis and treatment have always challenged thoracic surgeons. According to data from two different studies in 1985, TAR was responsible for 16% to 23% of all motor vehicle fatalities. 1, 2 Transection of the aorta is also associated with a variety of non-vehicular accidents (i.e., free fall, rock climbing) that also result in sudden deceleration and stress at the transition from the mobile distal aortic arch to the posteriorly bound isthmus.
Overall, cardiac and trauma surgeons have little exposure to TAR. When publications from large trauma centers are analyzed, they show a low load of surgical cases per year (Table 1) . [3] [4] [5] [6] [7] [8] This article attempts to summarize our 30-year experience in the management of this entity at a single institution, with the accompanying evolution in diagnostic methodology and surgical technique.
METHODS
Between 1971 and 2001, 219 patients with a diagnosis of traumatic aortic rupture arrived at the operating room alive, as the result of admissions to the Maryland Institute for Emergency Medical Services System-Shock Trauma and University of Maryland Medical System. Between 1971 and 1994 overlapping surgical techniques were used in the treatment of TAR and consisted of clamp and sew, or passive shunt. Since 1994, TAR was treated with the use of heparinless venoarterial lower body bypass. For the purpose of this study we reviewed our experience based on these three surgical techniques.
Age for all groups ranged from 15 to 73 years (mean 42.5 years), with no significant age difference between groups. The male-to-female ratio was 2.9:1. In group A (n ϭ 82) surgery was performed with a clamp-and-sew technique. Group B (n ϭ 64) involved the use of a passive shunt between ascending and descending aorta. Patients in group C (n ϭ 73) were treated with the use of a heparin-less distal bypass (CPS, Medtronic Inc., Minneapolis, MN).
Diagnosis of TAR before 1986 was exclusively dependent on aortography. Screening was done by a positive chest x-ray (widened mediastinum). Between 1986 and 1994, computed tomography progressively replaced chest x-ray and angiography. Since 1994, patients suspected of having TAR (severe head trauma, coma, multiple fractures, suspicion of internal hemorrhage, sharp deceleration, radiographically apparent widened mediastinum, or the presence of casualties in the same vehicle) are screened by spiral computed tomography (S-CT) with contrast at 5-mm cuts. The S-CT scan includes also the descending thoracic aorta. 9 Periaortic mediastinal hemorrhage is the trigger sign for TAR. Its presence in the S-CT indicates the necessity to look for direct signs of aortic injury (pseudoaneurysm, intimal flap, aortic contour abnormality, intraluminal thrombus, or pseudocoarctation). Patients with positive signs of aortic injury on the S-CT scan proceed directly to the operating room. Angiography is now reserved for those patients with mediastinal fluid or hematoma around the aorta and great vessels but without evidence of aortic injury ("equivocal" S-CT).
Patients with multiple injuries often require delay in the treatment of TAR while the concomitant emergencies are stabilized. Abdominal hemorrhage is often now treated by catheter embolization of the bleeding vessels. External fixators are used to stabilize pelvic and limb fractures before attempting repair of the aorta. Patients with subdural or parenchymal hemorrhage generally do not require treatment before repair of TAR. A cervical collar is used to prevent spine injuries during transport and positioning of the patient in surgery.
All patients are intubated with a double-lumen endotracheal tube for single-lung ventilation. Pulmonary and right radial arterial pressures are monitored. Before patient preparation and draping takes place, a 19 French femoral venous-right atrial cannula for partial bypass (Medtronic Inc.) is placed percutaneously when the patient is in either the supine or lateral decubitus position. The left hemithorax is opened through the fourth intercostal space via a posterolateral left thoracotomy. After thoracotomy the arterial return cannula (Sarns, Terumo Co., Ann Arbor, MI) is placed directly into the descending aorta, as distal as possible from the hematoma, usually below the sixth intercostal space. The cannulas are connected to a heparin-bonded perfusion system consisting of a centrifugal pump and an oxygenator/ heat exchanger (Maxima, Medtronic Inc.).
The arterial cannula, the only part of the system not heparin-bonded, is removed immediately after termination of bypass. Heparin is not used during the procedure. The venous cannula drainage is connected straight into the biohead (due to lack of reservoir in the system), generating a degree of vacuum and helping gravity drainage. We have not measured the strength of the negative pressure produced by the bio-head.
Perfusion of the lower body during the aortic occlusion period is kept between 2 and 3.5 L/min, depending on the patient's body surface area (base flow of 1.2 L/m 2 ). Lower body arterial pressure was documented in eight patients. At base flow, those patients had a femoral systolic pressure at or above 60 mmHg. Upper body systolic pressure is targeted above 90 mmHg by adjusting the preload. Normothermia is maintained by the heat exchanger. Because the circuit lacks reservoir, "pump suckers" are not available. Accordingly, a Rapid Infusion System-Cell Saver Fast Pack (Hemonetics, Inc., Braintree, MA) is used to return shed blood to the patient.
The proximal aorta is encircled between the left carotid and the left subclavian artery by blunt dissection, and the descending thoracic aorta is isolated at a distance between the usual hematoma and the arterial cannula. Cannulation of the distal descending aorta is completed before proximal dissection is attempted. Once dissection is completed, bypass is started and the aortic arch between the left carotid and left subclavian is occluded, followed by the left subclavian artery and the distal aorta.
An incision is made through the periaortic hematoma and is deepened into the aorta. Once the aortic wall laceration is located and its extent is determined, a decision is made to repair the injury primarily or with an interposition graft. Generally, complete transection of the aorta is repaired by graft interposition, while partial ruptures have been amenable to primary repair. After the repair is completed, the subclavian and distal aortic damps are removed, and then the more proximal arch occlusion is slowly released. Termination of partial bypass is delayed until the suture lines are inspected. Bypass is not resumed once it has been discontinued, as the non-heparin-bonded aortic cannula may thrombose.
We have progressively left the percutaneously placed venous cannula in place to be removed in the intensive care unit, where uninterrupted pressure can be applied to the groin wound. To facilitate clearance of bronchial secretions, the double-lumen endotracheal tube is replaced in the operating room with a single-lumen tube at the end of the procedure.
Technique for Clamp and Sew/Passive Shunt
Before 1994, when a clamp-and-sew strategy was used, the aorta between the left carotid and subclavian artery and the descending aorta beyond the hematoma were surrounded with umbilical tapes after blunt dissection. The left subclavian artery was independently dissected and isolated. Particular care was taken not to alter the area of the hematoma. Vasodilators were used to control the hypertensive response after damping of the aortic arch first, followed by the descending aorta. Distal aortic pressures were not documented. In those cases in which a passive shunt was used, a 7-or 9-mm cannula was inserted between double pursestrings placed in the descending aorta, beyond the hematoma (sixth intercostal space or lower) and proximally in the ascending aorta or the proximal aortic arch. A three-way stopcock was placed in the shunt to purge trapped air.
RESULTS
Twenty-one of 219 (9.5%) patients who arrived alive to the operating table became hemodynamically unstable due to completion of the rupture and died despite emergent thoracotomy and attempts to control the hemorrhage. Hospital mortality for group A was 21.9%, for group B 35.9%, and for group C 17.8% (P ϭ .03).
Paraplegia developed in 22 patients. The incidence of paraplegia was 15 of 64 survivors with the clamp-and-sew technique (23.4%); 7 of 41 survivors when a shunt was employed (17%); and 0 of 60 survivors where lower body bypass was used (P ϭ .0005) ( Table 2 ). The duration of aortic occlusion was similar for all groups (mean 32 minutes, range 14 -70). All those patients who developed para-plegia had aortic occlusion times in excess of 30 minutes (32-64 minutes).
Major postoperative complications in the prebypass era included hypertension (n ϭ 30), adult respiratory distress syndrome (n ϭ 19), paraplegia (n ϭ 22), renal failure (n ϭ 15), sepsis (n ϭ 12), recurrent nerve palsy (n ϭ 15), prolonged ventilatory support (n ϭ 7), phrenic nerve palsy (n ϭ 3), and aortic pseudoaneurysm (n ϭ 3). Since institution of partial heparin-less bypass (1994 -2001) , most common complications were extended ventilatory support (n ϭ 8), adult respiratory distress syndrome (n ϭ 2), multiorgan failure (n ϭ 2), sepsis (n ϭ 3), renal insufficiency (n ϭ 2), vagus nerve injury (n ϭ 1), lower limb amputation (n ϭ 2), acute hemothorax (n ϭ 1), and femoral pseudoaneurysm (n ϭ 1).
Location of the tear was at the aortic isthmus in the majority of cases. On four occasions the disruption was elsewhere (two ascending aorta, two lower thoracic aorta). Eight patients had more than one laceration of the aortic wall (up to four in one case). These were usually in close proximity to one another.
The use of angiography at our institution is reserved for those cases judged "equivocal" on the S-CT. Equivocal scans are those with signs of mediastinal bleeding around the aorta and great vessels but no direct signs of aortic injury. Since the establishment of S-CT as the screening method of choice, only 10% of the patients presented with equivocal scans, justifying the need for an aortogram. Of the last 44 consecutive patients diagnosed and treated for TAR, only 2 patients (4.5%) underwent catheterization.
Although we now cannulate the descending aorta routinely, at the beginning of our bypass experience the femoral vessels were used. One patient developed ischemia from femoral arterial occlusion and a second patient developed a femoral venous thrombosis, ultimately resulting in amputation of the compromised limbs. A third patient developed a femoral arterial pseudoaneurysm. There was one hemothorax due to suture bleeding at the aortic cannulation site, which was emergently repaired at the bedside.
DISCUSSION

Diagnostic Methodology
Victims of blunt chest trauma may present with a multitude of concomitant injuries. Diagnostic methods should be sufficiently sensitive as part of the triage to decide if further studies are necessary, and optimally provide a universe of information regarding concurrent injuries. 9 A chest x-ray remained the screening tool for most of our experience. Widening of the mediastinum on the plain x-ray was a trigger for aortography. The absence of opacification of the aortopulmonary window, a normal aortic arch and descending aorta, and a normal tracheal position achieved a 91% negative predictive value for TAR. 10 Imaging acquisition for patients suspected of having TAR 9 In a review of 1,104 patients admitted to our center for blunt trauma to the chest and screened by S-CT, Mirvis et al found an incidence of 118 cases with mediastinal hemorrhage (10.7%), with 25 of those having positive signs for aortic disruption. There were 3 patients with "equivocal signs" who underwent angiography (all of them negative) and 90 patients with mediastinal bleeding from a source other than aortic damage. In their hands, S-CT was found to be a highly sensitive screener for TAR (100%) and highly specific (99.7%) when signs of aortic damage were found. 11, 12 
Evolution of Surgical Modality
Repair of TAR has an incidence of neurological deficit higher than other surgeries of the descending aorta. An array of surgical techniques has evolved over time in the attempt to prevent this serious complication. Mortality rates and incidence of paraplegia reported by supporters of a clampand-sew technique oscillate from 12% to 23% for the first and 1.5% to 13% for the second. 13, 14 Simplicity is the major claim for proponents of a clamp-and-sew procedure. A basic requirement for low neurological morbidity when using this technique is an expeditious surgery with low cross-clamp times. In a multi-institutional review, Von Oppell et al reported an average international cross-clamp time of 41 minutes, 15 well above the widely accepted 30-minute limit for a neurologically safe operation. The aortic occlusion time in our study was similar for all groups (mean 32 minutes, range 14 -70). All 22 patients who developed paraplegia before 1994 had aortic occlusion times in excess of 30 minutes. Since 1994, 27 patients from group C also had occlusion times exceeding 30 minutes (32-70 minutes) without developing neurological deficit (P ϭ .004).
The use of a passive shunt would intuitively provide some degree of blood flow to the descending aorta and would be better spinal cord protection than no blood flow at all. A large contingent of authors supported its use. 16 -20 Verdant et al had particularly good results with the use of a Gott shunt, but their experience was based in surgery for aortic aneurysm. 19 In our hands at least, passive shunts had a mortality rate and neurological deficit incidence similar to patients from the clamp-and-sew group. Molina et al suggested in a interesting animal study that for a shunt to be effective in preventing neurological deficit, it should have a cross-sectional area at least 29% of the descending aorta and should carry 60% of the descending aorta expected blood flow. 21 Theoretically at least, an equivalent shunt size for a human being should then be larger than the commonly used 9-mm shunt.
Use of standard cardiopulmonary bypass with reservoir and pump suckers has many advocates, 5, [22] [23] [24] [25] the argument being that the danger of full heparinization, providing that associated injuries are properly taken care in advance, has been greatly exaggerated. Among the advantages of full bypass are oxygenated perfusion to the lower body, control of temperature, effective control of proximal preload and pressure, and the possibility of rapid volume infusion via cardiotomy suckers. Pate et al reported a low mortality (6.8%) and paraplegia rate (2.3%) with the use of this technique. 22 In two multicenter studies Fabian et al 23 and Von Oppell et al 15 have reported similar differences in the incidence of neurological deficit whether lower body bypass had or had not been used (from 2.9% to 2.5% and 16.4% to 15.6%, respectively).
Left atrial to femoral arterial bypass is a simple circuit commonly used. It has demonstrated its usefulness by low rates of paraplegia and mortality. 24 -27 Most of these systems do not include a heater-cooler or an open reservoir for collection by suckers and immediate reinfusion of shed blood. Active shunt systems do little to treat hypoxia due to lung injury, bronchial secretions, or technical mishaps with double-lumen endotracheal ventilation. Accordingly, we believe our technique employing venoarterial bypass including a heater-cooler and oxygenator has these advantages and adds few disadvantages. Benefits include simple cannulation, heating-cooling capabilities, lower body oxygenation, and high volume perfusion. By using a venoarterial perfusion with an oxygenator, this type of support is more flexible, having the theoretical advantage of rapid transformation to full bypass system if needed.
Unloading of the heart via percutaneous cannulation of the right atrium permits easy management of preload. Combined with the absence of heparin, upper body pressure control may be the reason for the low incidence of brain injuries worsening after repair in this series. Both the Glasgow Coma Scale score and head CT scan in this group of patients remained unchanged when compared to preoperative status.
Probably the main argument for the use of some type of lower body circulatory support pressure during and immediately after clamping of the aorta is control of upper body blood pressure. We have published in the past strong evidence that upper body hypotension during surgery is the most important predictor of paraplegia. 28 Despite studies suggesting the advantage of cooling of the spine to prevent neurological injury, 29 we choose to keep our patients in a normothermic state. In fact, since most trauma patients arrive at the operating room with various degrees of hypothermia, active rewarming to 37°C is then used.
Our cross-clamp times have not changed over time: the average clamp time remained at 32 minutes throughout our study. We have not extended the time needed for repair, despite the fact that we have circulatory support available. When patients with cross-clamp times above 30 minutes were analyzed for neurological morbidity, those with assisted lower body perfusion fared much better (P Ͻ .004).
Early in our group C experience, arterial and venous femoral cannulas were placed at the time of the angiogram. Two patients had their cannulas, one arterial and one venous, left in place for over 6 hours due to unexpected delays. The first patient developed ischemia and the second one femoral venous thrombosis. As a result of this complication, both patients required later amputation of the compromised limb. Cannulas are no longer inserted before arrival of the patient into the operating room. Since then, no further vascular complications have occurred.
CONCLUSIONS
We believe that the different methodologies and techniques used over the last 30 years at the University of Maryland embody similar changes worldwide. Screening and diagnosis based on chest x-ray and aortography have evolved into a unified screening/diagnostic S-CT methodology. Meanwhile, our surgical technique has slowly matured from the simpler clamp and sew, to the use of passive shunts, to the use of heparin-less partial bypass. Although mortality for traumatic laceration of the aorta remains high, by adopting the use of lower body heparin-less perfusion we have achieved a clear positive trend when it comes to the prevention of paraplegia and worsening of brain injury.
DISCUSSION
DR. ALDEN H. HARKEN (Denver, CO): Dr. Cardarelli, I think you are to be congratulated on educating us and sharing your large experience in a very difficult problem. Many of us don't have a lot of experience with this. Many of us who have run major trauma centers do see these patients, but even in Denver we see them once a month, not more than that. So I think this is a nice example of all of us being in favor of an evidence-based medicine approach to various kinds of therapies. And this is a logical sequential analysis of three different techniques which I don't think requires a prospective randomized trial; I think you have already educated us that to perfuse the lower extremities during aortic cross-clamping clearly makes sense. It dropped the paraplegia rate devastating complications Vol. 236 • No. 4 Traumatic Aortic Rupture: 30-Year Experience down to zero. You don't need more information than what you have already provided us.
My questions are twofold. Do you believe that there are any adjunctive advantages to some kind of antioxidant pharmacologic therapy? Did you use cooling as an adjunct to spinal cord protection? And then perhaps most concerning, when you as a trauma center receive a call from a very conscientious physician an hour away who has got a patient, a 62-year-old guy with a bruise across his chest from the seat belt, he has got a little bit wide mediastinum, but in his hospital he doesn't have spiral CT, in fact he doesn't even have CT, wants to know what he needs to do, does he need to load this patient back in the ambulance, who may be evolving a myocardial infarction, and jiggle him over to Baltimore, or can he treat that patient effectively in his own local hospital.
Again, I think this is a nice example of our efforts to ask questions and answer them through an evidence-based approach, but this is a nice example in which we don't need more than your very sophisticated sequential analysis.
PRESENTER DR. MARCELO CARDARELLI (Baltimore, MD): I think the first question, we do not use adjuvant cooling actually. We rewarm. Most patients with severe trauma come back to the shock trauma center hypothermic. We actively rewarm the patients during bypass on many occasions to normal body temperature. And we do not use steroids or any other pharmacological agents.
Regarding small-town hospitals with the same problem, we are lucky now that the way the shock trauma centers are designed in Maryland, any patient can be at the shock trauma center within an hour by Medivac. I would suggest if there is any suspicion in the x-ray, the patient have an angiogram to rule out aortic rupture if there is no CAT scan available.
DR. ANTHONY A. MEYER (Chapel Hill, NC): This represents a 30-year experience, with a lot of changes in preoperative assessment, operative technique, and critical care management over that time. I agree with your conclusions that a spiral CT scan is sufficient for progression to surgery, especially if active extravasation is noted. I have several questions.
First of all, you said that if there was an equivocal spiral CT that you went usually to angiography. I was wondering what other tests you might use if you did not use angiography in those situations.
Secondly, in your mortality, which did not show a vast improvement between the clamp and sew, although it did over the partial bypass, do you see mortality secondary to other injuries? You didn't mention how many had head injuries or other components.
Lastly, in following with Dr. Harken's comments, you recommend partial bypass, which has also been described by Hunt et al in 1995 at the American Association of Surgery of Trauma and by Dr. Fabian, our next speaker for our next paper, in 1997, where they used contemporary comparisons to show a benefit also of partial bypass. Notably, in December at the Southern Surgical in this very room, a paper was presented that showed that delay to repair of these did not produce significantly increased morbidity and mortality. So would you recommend that even in that small hospital, or that hospital where they can identify with a spiral CT an injury, the patient is stable, would you recommend that they then fly them to you, where you could do a partial bypass and decrease the risk of paraplegia and maybe give a better outcome?
DR. MARCELO CARDARELLI (Baltimore, MD): For the equivocal CT scan, most times we request an angiogram. On a few occasions we have done MRI, and it has proven to be as good as the spinal CT in diagnosing ruptured aorta.
Regarding the mortality, 10% of the patients die between the door of the operating room and the patient being placed on bypass. When the rupture finally occurs, there isn't much that you can do. The rest of the mortalities are mostly due to head injury.
Finally, if a patient has to be delayed, we emphasize to the hospitals the fact of maintained blood pressure and the control and transport the patient as soon as possible.
Regarding can we say that the standard care should be delayed approach. I don't think in this country we can do that. It would be legally dangerous.
DR. CARL E. BREDENBERG (Portland, ME): Maine Medical Center recently reported a smaller group of patients treated over a similar 25-year interval from 1975 to 1999. Of 75 patients undergoing operative repair, half had the clamp-and-sew technique and half had bypass support of distal perfusion. Similar to your experience, the clamp-and-sew technique had a paraplegia rate of 33%. There was no postoperative paraplegia in the group that had some sort of bypass for distal perfusion. Also similar to your experience, cross-clamping greater than 28 minutes and preoperative or intraoperative hypotension were associated with paraplegia. It is tempting to think that we can put in a graft quickly in these circumstances, but the solution of the operative problems all too often takes more time than originally contemplated. Distal perfusion seems to protect against paraplegia when cross-clamp times are extended.
I have one question. In reviewing discharge data for the state of Maine, our trauma group identified 53 cases of traumatic aortic rupture over the decade of 1980 to 1989. In the subsequent decade, 1990 to 1999, only 33 cases in the state were identified. The speculation was that this reduction might be the result of a greater use of seat and shoulder belts and the introduction of air bags. In short, prevention may accomplish more than repair. Have you seen a similar reduction in the prevalence of aortic rupture in Maryland over this interval?
DR. MARCELO CARDARELLI (Baltimore, MD): We have seen a subjective decrease in the incidence of traumatic aortic ruptures, especially in the last 2 years. Whether it is related to better protection, we do not know yet; it is too early to say. But apparently that is the trend in the future.
DR. FRANK C. SPENCER (New York, NY): I would like to compliment the authors on an impressive retrospective study. It represents a lot of work over this period of time. I have three comments and two questions.
The debate has continued on for 20 to 30 years between the "cut-andrun" club versus the "distal aortic shunt" club. I have long belonged to the shunt club. The late Stanley Crawford, a widely recognized master surgeon, strongly supported the cut-and-run club. The debate continued for years because data were inconclusive. The problem was threefold. First, heparin increased bleeding in a traumatized patient. The heparinized shunt used by the authors, and described in other publications, avoids this problem. This is a major contribution. The second is that passive shunts did not show much protection from neurologic injury (your second category). This was probably because these passive shunts, with no flowmeter, were probably transmitting as little as 100 mL/min. Thirdly, I doubt very much that anything explains the remarkable absence of paraplegia in your shunted group except the shunt. Paraplegia is simply ischemic infarction of a spinal cord from inadequate blood flow.
Two questions: (1) What was the flow rate with your shunt? And (2) what was the distal aortic pressure? We have observed for a long time that a shunt with a blood flow large enough keep the distal aortic pressure above 50 to 60 mm strongly protects from neurologic injury. However, if the blood pressure is less than 50 mmHg, the hazard of paraplegia steadily increases with the duration of aortic clamping. This would, of course, vary with collateral circulation.
My compliments again to the authors for an impressive and significant contribution.
DR. MARCELO CARDARELLI (Baltimore, MD): Regarding the first question, the flow rates, approximately 1.2 liters per square liter. And regarding the distal aortic pressure, we routinely do not measure the pressure. In the handful of patients in which the pressure was measured it is always above 60 millimeters of mercury.
